Sexual development in Dictyostelium discoideum is initiated by the fusion of opposite mating type cells to form zygote giant cells, which subsequently gather and phagocytose surrounding cells for nutrition to form macrocysts. Here we performed the targeting of 24 highly gamete-enriched genes we previously isolated, and successfully generated knockout mutants for 16 genes and RNAi mutants for 20 genes including 6 genes without disruptants. In the knockout mutants of two genes, cell aggregation toward the giant cells was much less extensive and many cells remained around poorly formed macrocysts. We named these genes tmcB and tmcC. Although macrocyst formation of wild type cells was suppressed by the addition of exogenous cAMP, that of knockout mutants of tmcB was much less sensitive. The mRNA level of phosphodiesterase (pde) was higher and that of its inhibitor (pdi) was lower in the latter cells compared to the parental strains during sexual development. Thus, tmcB appeared to be a novel regulator of the cAMP signaling pathway specific to sexual development. Knockout mutants of tmcC were indistinguishable from the wild type cells with respect to the cAMP response, suggesting that this gene is relevant to other processes. q
Introduction
The cellular slime mold Dictyostelium discoideum grows vegetatively as solitary amoebae which phagocytose bacteria for food. In the absence of a food source, asexual development is initiated, in which about a hundred thousand amoebae gather in a stream and cooperate to produce a multi-cellular fruiting body. Under dark and submerged conditions, they enter into a sexual developmental mode, where cells acquire competency for sexual cell fusion, fuse with opposite mating type cells, and develop into dormant structures called macrocysts (Nickerson and Raper, 1973; Erdos et al., 1973) . This sexual development in D. discoideum has much potential as a model system for the study of many biological events such as cell-cell interactions, chemotaxis and phagocytosis (O'Day and Lydan, 1989) . A comparison of the molecular mechanisms controlling sexual and asexual development will elucidate the survival strategies by which the limited amount of genetic resources are used to respond to environmental changes.
As to the molecular basis of zygote development, it is known that cell aggregation toward the zygote giant cells is achieved by a cAMP-mediated chemotactic system (O'Day, 1979; O'Day and Durston, 1979; Abe et al., 1984) , which partly recruits the signaling system used for asexual development (Shimizu et al., 1997) . Our previous studies on sexual cell fusion demonstrated the involvement of several cell surface glycoproteins (Urushihara, 1992) and the existence of protease sensitive inhibitors on the cell surface (Urushihara and Aiba, 1996) . In order to comprehend the genetic control of sexual development, we constructed a conventional oligo-d(T) primed directional cDNA library of the fusion-competent cells, or gametes. Since that library was highly redundant and contained high percentages of housekeeping genes, a gamete-specific subtraction library, FC-IC, was constructed, from which 27 gamete-enriched (O!5) genes were further selected (Muramoto et al., 2003) . In the present study, we carried out functional analyses of those gamete-enriched genes and found a novel regulator of the cAMP signaling pathway.
Results

Targeting of gamete-enriched genes
Since the FC-IC clones in the gamete-specific subtraction library carry fragmental cDNAs generated by RsaI digestion (Muramoto et al., 2003) , we first complemented each with the appropriate sequences in the genome (Kreppel et al., 2004) and cDNA databases (Urushihara et al., 2004 ) for a complete gene sequence. The 27 highly enriched sequences described above were clustered into 24 independent genes by this process (Table 1) . We then performed the disruption and/or RNAi mutagenesis of KAX3 cells for the functional analysis of each gene. The gene disruption was also carried out for V12, an opposite mating type strain, to avoid possible complementation during zygote development. Currently, knockout mutants have been obtained for 16 genes in KAX3 and for 9 genes in V12 (Table 1 ). The RNAi mutagenesis was successful for 20 genes in KAX3 including 6 genes without disruptants. To evaluate the effects of RNAi mutagenesis, we determined the levels of endogenous transcripts in the RNAi mutants of those 6 genes. They were between 15 and 60% of the control (vector-alone transformants) for 5 and 90% for 1 of the genes (GEG10).
All the mutants were tested for growth in HL5, fruiting body formation, sexual cell fusion and subsequent zygote development as described in Experimental Procedures. To test the sexual phenotypes, knockout mutants of both mating type strains were mated where possible. The KAX3 knockouts and RNAi mutants were mated with wild type V12 cells in other cases. Although several mutants showed reduced levels of sexual cell fusion, none were to the extent e Sexual cell fusion was unable to be assayed (see text). f FC-IC0711 and FC-IC0475 are members of GEG05, which has been analyzed in Muramoto et al. (2003) . g FC-IC0181 is a member of GEG22.
of complete loss. On the other hand, some of the mutants were defective in growth or in zygote development. The RNAi mutants of GEG02 (racF2) were unable to proliferate in suspension in HL5 medium supplemented with G418 ( Fig. 1A) , although they were able to do so on a plastic surface (data not shown). Their ability to grow in the suspension culture was restored on depletion of G418 (Fig. 1B) , where the extra-chromosomal plasmid containing the RNAi construct was rapidly lost. Since the assay system for sexual fusion competency involved the step of suspension culture, sexual defects of GEG02 RNAi mutants, if any, are currently unknown. The knockout mutants of GEG04 and GEG10 showed mutually similar anomalies in macrocyst formation, and were analyzed in detail. When the gamete-phase cells of KAX3-derived and V12-derived knockout mutants of each gene were mixed for sexual development, considerable numbers of peripheral cells were observed at an early precyst stage after 24 h of development, the time after which normally very few single cells remained ( Fig. 2A,B) . The suppressed cell aggregation resulted in tiny macrocysts in GEG04 disruptants, but not in GEG10 disruptants. Asexual development of the disruptants was indistinguishable from that of KAX3 both on filters (data not shown) and in submerged conditions (Fig. 2C ). Since the phenotype of GEG04 knockouts resembled that of TMC1 (tiny macrocyst 1), a REMI mutant in our previous report (Shimizu et al., 1997) , we named the GEG04 gene tmcB. The phenotype of GEG10 disruptants was partly different from GEG04 disruptants in that the pre-cysts were normal in size, indicating that looser aggregates were formed. Nevertheless, we named the GEG10 gene tmcC for its extensive structural resemblance to tmcB as described below.
Structure and expression of tmcB and tmcC genes
The genomic structures of tmcB and tmcC genes are shown in Fig. 3 . They encode 1416 and 1400 amino acid proteins, respectively, with a mutual similarity of 81%. Both genes contain two HAT domains (SMART accession # SM00386; Letunic et al., 2004) known to be present in several RNA processing proteins (Preker and Keller, 1998) as well as 13 predicted transmembrane domains.
The expression patterns of tmcB and tmcC genes during sexual development were determined by real-time PCR (Fig. 4) . The level of tmcB mRNA in fusion-competent cells (FC cells) was about 6 times higher than fusion-incompetent cells (IC cells) both in KAX3 and V12. It remained high until 8 h of sexual development, and then slightly decreased. In the asexual development of KAX3, the level of tmcB mRNA increased temporarily at 4, which corresponded to the pre-aggregation stage, and then returned to the basal level. The expression patterns of tmcC were similar to those of tmcB.
Involvement of the tmcB gene in the cAMP signaling pathway
Since cell aggregation around zygote giant cells is mediated by chemotaxis to cAMP, tmcB and tmcC genes may be involved in this process. To test this possibility, we carried out a macrocyst assay in the presence of exogenous cAMP (Fig. 5A,B ). The addition of cAMP inhibited cell aggregation and subsequent zygote development in the wild type cells. In the presence of cAMP at 0.1 mM or higher, no macrocysts were formed. The situation was identical in the tmcC knockouts, except that small cell aggregates were observed with cAMP at 0.1 mM. However, the inhibitory effects of exogenous cAMP were very subtle in the tmcB knockouts, and macrocyst formation was possible even in the presence of 1 mM cAMP. The addition of folic acid had no effects on macrocyst formation in any of the strains. The chemotaxis toward cAMP during asexual development was indistinguishable between the wild type and knockout mutants (Fig. 5C) .
The above observations indicate that tmcB is relevant to the cAMP signaling pathway during sexual development. Since the lower sensitivity to exogenous cAMP suggests its degradation, we measured the expression level of genes for phosphodiesterase (PDE) and its inhibitor, PDI in the tmcB disruptants. As shown in Fig. 6A , the level of pde mRNA was higher and that of pdi was lower in the mutants at early stages of sexual development compared to the wild type. The expression of regA, which regulates the intercellular cAMP signaling pathway (Shaulsky et al., 1996) , was not affected. To obtain more direct evidence, we next examined the PDE activity and cAMP level in the extra-cellular environment as well as the expression of cAMP receptors (Table 2 ). During the period of 8-16 h of sexual development, when cell aggregation around the zygotes occurs (Ishida et al., 2005) , PDE activity was elevated in the knockout mutant whereas that of the wild type was suppressed. Accordingly, the external cAMP level did not increase in the mutant as much as in the wild type. The expression of the cAR1 gene (carA) was unchanged or slightly higher in the mutant, while that of the cAR3 gene (carC) was much reduced. Since two other genes for the cAMP receptor, carB and carD, are not expressed during sexual development (Li et al., unpublished observation), we did not investigate their characteristics. Thus, tmcB appeared to control the levels of external cAMP by regulating the expression of pde and pdi. It is noteworthy that the mRNA levels of pde and pdi in tmcB disruptants during asexual development were indistinguishable from those of KAX3 (Fig. 6B) . These results indicate that the regulation of pde and pdi by tmcB is specific to sexual development. As can be seen in Fig. 6C , the rapid transcript switching from 1.9 to 2.4 kb known for asexual development was also observed in sexual development.
Discussion
In Dictyostelium, there are two dormancy strategies to survive environmental changes. One is asexual development to form fruiting bodies, and the other is sexual development to form macrocysts. Both of them involve a cell aggregation stage, which is mediated by chemotaxis to cAMP (Kessin, 2001) . Our previous work (Shimizu et al., 1997) showed that a significant part of the cAMP signaling pathway is shared between the two developmental processes. However, it is also suspected that distinct molecular mechanisms are in operation from morphological dissimilarities, as the lack of aggregation streams in sexual cell aggregation (O'Day, 1979) . This dissimilarity can be explained by the fact that giant cells in the aggregation centers secrete much higher levels of cAMP and phosphodiesterase inhibitor, and that scarce or no phosphodiesterase activity is detected during the sexual process (Abe et al., 1984) . Common and differential usage of the gene repertoire for alternative developmental modes is an important tactic for the organism, and how it is achieved will be an intriguing subject for future analysis.
In the present study, we carried out a thorough examination of the gamete-enriched genes by gene targeting and thereby identified two genes involved in sexual development, tmcB and tmcC. The former gene directly or indirectly regulates the levels of pde and pdi mRNA only during sexual development. The existence of HAT domains in TmcB suggests that it affects mRNA stability, for the domain is known to regulate RNA processing (Preker and Keller, 1998) . In this connection, alternative promoters for pde should be mentioned. It has been reported that pde is transcribed in two sizes; the 1.9 kb transcript in vegetative cells is rapidly substituted by a 2.4 kb mRNA in starving cells (Franke and Kessin, 1992) . However, the size of the pde transcript induced in the sexual process is 2.4 kb, as in asexual development, and the existence of a new specific promoter is not necessarily likely. Another possibility of tmcB involvement is that it indirectly affects the transcriptional activities of those genes described above. Despite the fact that tmcB and tmcC are both relevant for cell aggregation and similar in structure by as much as 82% in their amino acid sequence, tmcC is functionally different from tmcB, and does not affect the expression of pde or pdi (data not shown). Instead, this gene seems to be involved in the cell adhesion mechanism itself. The actual function of tmcC needs further investigation.
The reduction of the extra-cellular cAMP level was not as extensive as expected from the phenotype alterations (Table 2 ). This may be interpreted by a possible local decrease in cAMP concentration, which we were unable to measure in the present study. Although carC expression was much reduced in the tmcB disruptant, it does not seem to be a direct reason for the impaired response to cAMP, because the disruption of carC does not inhibit macrocyst formation (Li et al., unpublished data), whereas that of carA severely suppresses it (Shimizu et al., 1997) , indicating that cAR1 is the responsible receptor for cAMP during sexual development. The present observation that carC reduction parallels the expression changes of pde and pdi may provide a clue to reveal its currently unknown function. A model for TmcB function in relation to cAMP signaling for sexual cell aggregation is shown schematically in Fig. 7 , together with an explanation of the sexual phenotypes of tmcB -mutants. Although we successfully isolated knockout mutants for 16 genes and RNAi mutants for 20 genes, none of the mutants showed severe defects in sexual development. Several explanations are possible. For example, many Dictyostelium genes constitute multi-gene families and disruption of one of the genes does not always result in phenotypic alterations. In fact, we recently found that four very similar genes exist for GEG01, the gamete-specific gene with the highest specificity ( Table 1 ). The second most specific gene, racF2, also belongs to a rac family that contains 15 genes (Rivero et al., 2001) . The genomic gene redundancy may relate to the fact that D. discoideum is a solitary amoebae and is mostly haploid in its life cycle. Another explanation is that even sexually important genes can be expressed at a low rate, if their products are not required in high amounts. A gene we recently found to be indispensable for sexual cell fusion (Araki et al., in preparation) is such an example. Namely, its transcript exists in extremely low amounts and only a two-fold increase was observed following sexual maturation. Finally, the difference between sexually competent and incompetent cells resides on two simple culture conditions, light and water, and the gamete-phase cells are not specialized, as they are in higher organisms. Therefore, the majority of the gamete-enriched genes may be relevant to the response to environmental changes, making it difficult to find genes actually required for gamete function. According to our previous estimation for the number of genes essential for sexual development, it was 1/10 of those for asexual development (Urushihara et al., 1991) . Therefore, we may not expect frequent drastic changes in sexual phenotype by gene disruption. Even with these difficulties, we found an interesting gene that is relevant to the differential usage of common genes in the sexual process. Studies on the regulatory mechanisms of these genes will give us Fig. 6 . Effects of tmcB disruption on expression of genes involved in cAMP degradation. (A) The mRNA levels of pde (Accession # AAA63168) (a), pdi (Accession # CAA34193) (b), and regA (Accession # Q23917) (c) during sexual development were determined by real-time PCR and plotted as amounts relative to FC cells of KAX3. WT: KAX3 and V12; tmcB K : GEG04K11 and GEG04V12. (B) The mRNA levels of pde (d) and pdi (e) during asexual development were determined. WT, KAX3; tmcB K , GEG04K11. Averages of two independent experiments are shown. Primer sequences used are as follows. pde forward (TTCCATCCTCTGTCGCTTGTG), pde reverse (TCCAGACGGCATAGATTTTACCTT), pdi forward (ATTTTTGCCATCCAGGTTATGGT), pdi reverse (TGTTGGCAAATTACACCTGGATC), regA forward (GATAAAACCAAAACCACAAGAGCAA), regA reverse (GAAATCTAT-GAAATCCGCTGCG). (C) Five micrograms of total RNA was prepared from sexually or asexually developing cells and subjected to electrophoresis and prepared for northern hybridization using a 32 P-labeled pde sequence (VSE483, Accession # AU263140) as a probe. The staining of rRNA is shown in the latter panel. asex., asexual development; sex, sexual development. information on the genetic background for the amazing survival strategies of these organisms.
Experimental procedures
Strains and culture conditions
Heterothallic strains of D. discoideum, KAX3 and V12 were used. These strains were maintained as stock fruiting bodies on nutrient SM agar plates with Klebsiella aerogenes as food. KAX3 and its derivatives were also grown in HL5 medium supplemented with 50 mg/ml of streptomycin on a reciprocal shaker unless otherwise described.
Sexual development
To induce sexual maturation, growth-phase cells were collected from SM agar plates and suspended in Bonner's Salt Solution (BSS) (Bonner, 1947) containing concentrated K. aerogenes, and cultured on a gyratory shaker (120 rpm) for 15 h at 22 8C in the dark. After the culture, cells were When tmcB is disrupted, the extra-cellular cAMP level is reduced due to the phosphodiesterase activity and smaller cell aggregates are formed. Under the conditions with exogenously added cAMP (Right, cAMP addition), the cAMP gradient generated by the giant cells is canceled and no chemotactic movement occurs in the wild type cells. In tmcB K cells that exert phosphodiesterase activity, the cAMP gradient can be restored to allow cell aggregation to some extent. The cAMP gradients generated by the surrounding cells themselves are not shown, for their cAMP secretion is at a much lower level than the zygotes. freed of bacteria and kept at 4 8C prior to use. These cells were called fusion-competent (FC) cells or gamete-phase cells. To determine the competency of sexual cell fusion, FC-cells of KAX3 and V12 or their derivatives were mixed together in BSS and shaken for 30 min as described previously (Hata et al., 2001) . For macrocyst development, those cells were mixed and inoculated on a 24-well dish or glass-base dish (IWAKI, Japan) at a total density of 1! 10 6 cells/ml and incubated at 22 8C.
Preparation of knockout and RNAi constructs
For the preparation of gene targeting constructs, about 2.0 kb fragments of 5 0 -and 3 0 -ends of relevant genes were amplified by PCR using KAX3 or V12 genomic DNA as a template. After cloning into a pGEM-T vector (Promega, USA), the bsr gene cassette was inserted within the amplified sequence. The RNAi constructs designed for expression of double strand RNAs in vivo were prepared by inserting the FC-IC clones described in Table 1 into an extra-chromosomal expression vector HK12 as described previously (Muramoto et al., 2003) .
Transformation of D. discoideum cells
For the transformation of KAX3, cells were harvested at growth phase, washed twice in a cold electroporation buffer (KH 2 PO 4 10 mM, Na 2 HPO 4 10 mM, Sucrose 50 mM) and resuspended at a density of 5!10 7 cells/ml. Plasmid DNA (10-20 mg) and 400 ml of cell suspension were then added to a 2-mm electroporation cuvette. Cells and DNA were mixed and incubated on ice for 5 min. A pulse of 250 V/mm for 99 ms was applied 15 times to the cuvette. After 5 min of incubation of the cells on ice, CaCl 2 and MgCl 2 were added to a final concentration of 1 mM, and the cells were inoculated into a 96 well dish containing HL5.
For the transformation of V12, which is non-axenic, growth-phase cells were collected from shaken culture medium containing concentrated K. aerogenes, freed of bacteria, incubated in BSS for 1 h, and then used for electroporation. After the recovery period, cells were collected and spread on a lawn of autoclaved K. aerogenes on plain agar containing 100 mg/ml of Blastocidin. Drugresistant transformants visible as plaques after about 1 week were transferred for maintenance to new SM agar plates containing Blastocidin with K. aerogenes. Gene disruption was confirmed by direct PCR using ProK treated transformants as a template. Where appropriate, we isolated chromosomal DNA from independently isolated transformants and performed Southern hybridization for reconfirmation.
RNA preparation and real-time PCR
Cellular total RNA was extracted using a RNeasy Mini kit (QIAGEN, Germany) according to the manufacture's instructions, followed by removal of contaminating genomic DNA with the RNase-Free DNase Set (QIAGEN, Germany). Thus, prepared RNA was used as a template for the first strand cDNA synthesis with SuperscriptII RT (Invitrogen Corporation, USA). The template concentration was adjusted by amplification using the primer sets for Ig7 (Hopper et al., 1993) known to be expressed constitutively during growth and asexual development. Real-time PCR was performed with an ABI 7900HT Sequence Detection System (Applied Biosystems, USA). The amplifications were carried out in a 384-well plate in a 10 ml reaction volume containing Ex Taq R-PCR version (TAKARA, Japan). To ensure the reproducibility, expression ratios were determined using cDNA templates synthesized from two independently isolated RNA samples. Furthermore, two sets of primers designed at different regions were used.
Asexual development and chemotaxis assay
For asexual development, cells in a mid-log phase were washed and resuspended in LPS buffer (Sussman, 1987) at a density of 5!10 7 cells/ml, and then a 1 ml aliquot of the suspension was spotted onto a membrane filter (Advantec 0.45 mm 47 mm). A drop assay of chemotaxis was carried out by spotting 10 ml of the cell suspension on a hydrophobic agar plate containing various concentrations of cAMP or folic acid.
Measurement of the extra-cellular cAMP level and PDE activity
Cells were removed from the incubation for sexual development by centrifugation, and the supernatant was collected. An equal volume of 3.5% perchloric acid was added, followed by neutralization with NaHCO 3 . The sample solution was centrifuged to remove any insoluble material, and then the cAMP concentration was determined using a cAMP EIA kit (Cayman, USA).
To determine PDE activity, the supernatants were collected as above, concentrated, and then dialyzed against 50 mM Tris-HCl (pH 7.5) overnight at 4 8C. Each sample was mixed with 350 pmole of cAMP and incubated for 1 h at 22 8C. After the incubation, the amount of remaining cAMP was determined using a cAMP EIA kit (Cayman, USA). The activity of PDE was expressed as the percentages of hydrolyzed cAMP.
